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Abstract 
 
Lab Characterization of Near- Surface Soils from                              
Farm to Market Road 2 
 
Shivangi Jain, M.S.E 
The University of Texas at Austin, 2019 
 
Supervisor:  Jorge G. Zornberg 
 
Distresses in pavements is a common issue in the state of Texas. Various research 
and mechanisms have been developed to study the performance of the pavements in the 
recent years. One of the major types of distress is longitudinal cracking caused by various 
environmental factors. These factors have been studied previously by many researchers, 
(Zornberg, Gupta, & Ferreira, Field performance of geosynthetic reinforced pavements 
over expansive clay subgardes, 2010), (Zornberg, Ferreira, & Roodi, Geosynthetic-
Reinforced Unbound Base Courses: Quantification of the Reinforcement Benefits , 
2013). One such factor is the expansive subgrade over which a pavement is constructed. 
The subgrade when wet, swells and shrinks when it gets dry. This swelling and shrinkage 
in different seasons causes significant cracking on the pavement surface as the subgrade 
moves. This affects especially the shoulders of the roadway as it is where the subgrade 
has the most chance to move.   
  
 vii 
There are many ways for the characterization of the subgrade soil, for example in 
terms of strength, shear or swelling and shrinkage. For this research, the focus was on 
characterization in terms of swelling. For this, the process started with initial 
measurements (moisture content, density and suction), then index properties were 
calculated (Atterberg Limits) before running the centrifuge tests to get the stress-swell 
curves. One major common factor that affects the characterization is the initial 
conditions. If we start with wrong dry conditions, chances of getting over or 
underestimated results are high. This report reviews the co-relation used to get the dry 
initial conditions and further tests to characterize the soil. 
Sample borings were taken from 16 locations corresponding to the first 16 tests 
sections monitored in the previous research. (Zornberg, Ferreira, & Roodi, Geosynthetic-
Reinforced Unbound Base Courses: Quantification of the Reinforcement Benefits , 2013) 
on the Farm to Market road 2 up to 10ft depth where each interval was 2ft. Initially the 
borings were weighed and measured to get an estimate of the volume and hence density 
and the initial moisture content was measured. Atterberg limits tests were conducted to 
get the dry conditions using the Tex-124-E correlation. Later, the borings were tested for 
their swelling potential using the centrifuge technique to match the in-situ stress and 
eventually get the stress-swell curves. Later on, the data collected in this reported will be 
used to calculate the Potential vertical Rise of these locations and eventually those PVR 
values will be used to correlate the subgrade soil behavior and performance of the 
pavements.  
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Chapter 1: Introduction  
1.1 MOTIVATION 
Expansive soils are defined as the type of rocks or soil that undergo significant 
volumetric changes with fluctuations in the moisture content. The soils swell  when they 
move from dry to a wet state, and shrink when water content reduces to a relatively dry 
state from a wet state. This change results in the uneven movement of the ground which 
can cause severe damage to the structures or pavements constructed on them. Expansive 
soils cause significant damage to pavements particularly. (Nelson & Miller, 1997). In the 
1970’s, the annual cost of damage to streets and highways caused by expansive soils was 
estimated to exceed $1 billion. (A Quarter Century of Geotechnical Research, 1999). 
Expansive soils are quite prevalent in almost all of the US including the state of Texas, as 
shown in Figures 1 and 2. 
 
Figure 1 Expansive Clays in the US. 
  2 
 
 
 
 
 
                                                                              
 
 
 
 
 
 
 
 
 
 
 
 
 
The movement of expansive subgrades beneath the pavements can cause severe 
damages to the pavements.  Thorough research has been done on studying the swelling 
and shrinkage properties of the subgrades to estimate the extent to which the subgrade 
will swell or settle. To understand those properties, it is very important to characterize the 
subgrade soils. 
Figure 2 Expansive Soils in Texas (Tella Firma Foundations, n.d.). 
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1.2 OBJECTIVES AND SCOPE 
The main objective of this research is to characterize the subgrade soils from the 
Farm to Market 2 road and get the stress swell curves matching the in-situ soil layering. 
To achieve these objectives, soil samples were collected from the subgrade layers of 
pavements from the FM 2 road in Grimes County, Texas.  
To prepare the samples for the centrifuge tests to get the Stress- Swell curves, 
initial Atterberg limits tests were conducted. Results from the Atterberg limits tests were 
used to determine the initial moisture conditions of the soil samples. The data from the 
centrifuge tests was used to obtain the stress-swell curves. 
1.3 REPORT OVERVIEW 
The report includes seven chapters and two appendices. Chapter 1 presents the 
motivation, objectives and scope of the research. Chapter 2 gives the background 
overview and literature review of the research previously done on expansive soils. 
Chapter 3 details the Centrifuge technique. Chapter 4 presents the location of the FM 2 
road. Chapter 5 describes the analysis of the results. Lastly, Chapters 6 and 7 sum up the 
inferences and future recommendations for the study. The appendices present the 
description of the results from the Atterberg limits tests and the centrifuge tests. 
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Chapter 2: Background 
2.1 INITIAL CONDITIONS 
For characterization of any soil it is utterly important to get the initial conditions 
right. If these conditions are not estimated correctly, the end results can have large errors 
in the estimate.  
For this research the challenge was to get precise values of dry conditions with 
limited amount of soil samples as proctor tests were not a feasible option to get the right 
initial moisture content and densities. Previously (Snyder, 2015) tried using the proctor 
tests to get the OMT curve for samples and defined certain correlations to replace proctor 
tests in case where quantities of samples were limited.  There are various correlations 
proposed for getting the dry moisture content values to get to the start point to find swell 
potential of any given soil. If the tests are done on significantly wet samples, the swell 
values will be under-estimated. Therefore, it is necessary to pick the right correlation.  
There are various correlations proposed to calculate the optimum moisture content 
using the Atterberg Limits data, such as NAVFAC, USACOE, Al-Khafaji and the Tex-
124-E reported by (Snyder, 2015). The Tex-124-E, given by McDowell (McDowell, 
1956) however, gives the dry condition rather than the optimum moisture content. The 
dry condition can be defined as the minimum moisture content at which soil will show 
swell potential. The figure below shows how the data collected by McDowell lies above 
the line of his described equation. (Equation 1), validating that the line describes the dry 
condition for a given moisture content and Liquid Limit. 
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Since this research focuses on obtaining the swell potential, the correlation in the 
Tex-124-E was selected to get the dry moisture content and all the other correlations 
giving the optimum moisture content were discarded. The reason to do so was that 
optimum moisture content with these correlations would give a value on the wetter 
spectrum of the soil strata and hence the tests would underestimate the swell potential. 
Therefore, it was decided to use dry moisture content instead of optimum moisture 
content.  
The Tex-124-E dry moisture condition is given as equation 1. 
𝑤 = 0.2 ∗ 𝐿𝐿 + 9                                      Equation 1                                                     
where w is the dry water content in percent and LL is the liquid limit in percent. 
Figure 3 Moisture data for subgrade soils under pavement (McDowell, 1956). 
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2.2 ATTERBERG LIMITS 
Atterberg limits tests are necessary as they give the basic idea of the soil behavior 
in terms of its plasticity index. By determining the Liquid and Plastic limits of the 
samples, the plasticity index can be calculated as:  
𝑃𝐼 = 𝐿𝐿 − 𝑃𝑙                                              Equation 2 
where, PI is Plasticity index, LL is Liquid limit and PL is Plastic Limit.  
Together, the three values can be used to determine the soil type based on the 
Casagrande’s chart. In general, if the soil is a high plasticity clay, it is considered to have 
a high swell potential as well. Liquid Limit is being used to calculate the dry conditions 
to which the samples shall be adjusted to as mentioned above (Equation 1).  
Additionally, this information helps in finding the right representative intervals 
from a particular boring. For example, at any boring, five samples at an interval of 2ft 
each are extruded. Having the Atterberg Limits, and hence the Plasticity Indices, of all 
the samples will help in selecting the depths which have high plasticity for further swell 
tests as those samples will affect the swelling and shrinkage of the entire boring 
compared to the depths which have low plasticity soils. 
2.3 STRESS SWELL CURVES 
The stress swell curves show the highest a sample can swell under a particular 
stress. Generally, if the stress is high, the sample will swell less compared to samples 
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subjected to lower stresses. Therefore, it can be seen that deeper intervals will have less 
effect on the pavement performance compared to the samples taken from the top.  
There are various methods to measure the swelling potential of the soil. For 
example, Free Swell Test, (ASTM D4546), The Centrifuge Method, (Zornberg, Plaisted, 
Armstrong, & Walker, 2013). For this research, The Centrifuge Method was used to get 
the stress-swell curves as it is faster to give the results compared to the conventional 
ASTM D4546 method.  
 
 
 
  
Figure 4 Example Stress-Swell Curve (Summerlin, 2018). 
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Chapter 3: Characterization Methods 
3.1 DENSITY AND MOISTURE CONTENT 
To start with the process, representative portion was taken from each bore log to 
measure its length and diameter and hence the volume. It was then weighed and hence the 
density was calculated for the bore log. Some part was taken from the log to get the initial 
moisture content using the ASTM D2216 method.  
3.2 ATTERBERG LIMITS 
Representative samples were taken from the borings and air dried and processed 
to get the Atterberg Limits using the ASTM D4318 method. The values from the tests 
were used to plot the soils on the Casagrande’s curve and the Liquid Limit results were 
used to get the dry conditions by using the Tex-124-E method.  The plots for these tests 
are shown in Appendix A. 
 
Figure 5 Liquid limit test. 
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3.3 CENTRIFUGE TESTS 
Modified centrifuge technique (Summerlin, 2018) was used to finally get the 
stress swell values of each boring to characterize the soil samples for their swell 
potential. The procedure for the method is given as follows. 
3.3.1 Centrifuge Test Preparation 
1. Slice the bore log in 6 pieces as this is the number of samples to be prepared 
from each depth. 
 
Figure 6 Slicing the bore logs and moisture adjustment. 
2. Moisture adjust the samples to a value equal to TxDOT dry condition given 
by TX 124 E:  
𝑤 = 0.2 ∗ 𝐿𝐿 + 9 
     For this, use plastic boxes with loose lids as the environment chamber where 
the lids are used to control the drying process (box can be covered partially or 
completely to monitor the drying of the samples). 
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           Also, monitor the weight of the samples throughout to check when the 
target moisture content is reached.   
3. Choose a target G-level that will result in an overburden stress close to the 
average stress on each sample at depth. 
4. Begin sample preparation for centrifuge test: 
a) Obtain 6 of each: centrifuge buckets, plastic permeameter cups and 
bottoms, 2” cutting rings, bottom porous discs, and top porous discs. To 
obtain a stress-swell curve, it is recommended to use 2 small discs, 2 
medium discs, and 2 large discs for the top porous discs. 
b) Trim top and bottom filter paper for each sample to fit inside the cutting 
ring. 
 
Figure 7 Cutting ring, filter paper, permeameter cup, centrifuge bucket, and porous discs. 
c) Grease inside of cutting rings with vacuum grease. This is important to 
reduce the side friction on the samples. Samples prepared without greasing 
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the inside of the ring will swell significantly less than samples prepared 
with vacuum grease. 
 
Figure 8 Greasing process. 
d) Weigh permeameter cups and bottoms. 
e) Weigh rings with filter paper, rings with filter paper and porous discs, and 
the top porous disc and filter paper. Record weights in corresponding 
spaces on test template. 
f) Measure the height of the top porous disc and filter paper, and bottom 
porous disc and filter paper using dial gauge.  
g) Trim the sample in a non-greased cutting ring to a target height of 0.393”.  
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Figure 9 Trimming process. 
h) Extrude the trimmed sample from the cutting ring, place it over bottom 
porous disc and filter paper and put the greased cutting ring on the sample. 
 
Figure 10 Placement of greased ring over the sample. 
i) Finally, place top filter paper and porous disc on sample. The trimming 
procedure is depicted below.  
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j) Measure the height in center and four corners of the sample along with the 
top filter paper and porous disc and ensure it does not vary more than +/- 
0.005” across sample. Weigh the sample afterwards. 
 
Figure 11 Height measurement of sample. 
k) Place the sample inside permeameter and weigh.  
l) Weigh each permeameter and centrifuge bucket together. If the difference 
in mass between pairs exceeds 0.5g, adjust with foil or metal rings at the 
bottom of the centrifuge buckets. Place permeameters inside bucket over 
any foil or metal rings added. Record the height of the added foil or metal 
rings.  
 
Figure 12 Height measurement of metal ring. 
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5. Place centrifuge buckets into centrifuge, with 1 opposite 2, 3 opposite 4, and 5 
opposite 6 such that the centrifuge is balanced, and secure lids over buckets. 
6. Start data logging system and set to target g-level and allow to compress for at 
least 1 hour or until height stabilizes. 
7. After height stabilizes, stop centrifuge. Using a syringe, deliver approximately 
100-102g water to each sample via the small hole in the top of the lid. This 
step should be performed expeditiously such that 1-g swelling is minimized.  
8. Restart the centrifuge at target g-level and allow test to run for 24-72 hours or 
until samples have reached a reasonably constant height. Be sure that samples 
are well into the “secondary swell” stage so that this section of the plot will be 
visible on a logarithmic scale. 
9. Stop the centrifuge and let the samples rebound as the stress is removed. Let 
the samples stay in the rebound stage for significant amount of time until they 
reach a stable height.  
10. Stop data logger, remove and weigh complete centrifuge buckets.  
11. Remove permeameters, wipe excess water from outside, and weigh. 
12. Pour out excess water, remove soil rings from permeameter, and remove top 
and bottom porous discs, leaving filter paper on samples. Wipe excess water 
from ring and filter paper. 
13. Weigh moisture content dish, then weigh dish with soil ring. Place in oven to 
dry overnight to a constant weight. Weigh dish with oven-dried soil ring. 
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3.3.2 Data Analysis 
1. Input all data from centrifuge test sheet into corresponding cells in analysis 
spreadsheet. 
2. Import text file with centrifuge data into spreadsheet. 
3. Look at time-deflection data for each sample to ensure that it looks reasonable 
before including in analysis. 
 
Figure 13 Data Input Sheet 
4. Choose seating time, initial time, and start time for the test. 
a) Seating time should correspond to the time just after increasing to the 
target g-level. 
b) Initial time should correspond to the end of the compression load, just 
before the water is added.  
c) Start time should correspond to the time that water is added to the 
samples. This may be chosen to match the “initial time”, but easiest to 
choose times by inspecting the time-deflection plots. 
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Figure 14 Determining seating and initial height values 
 
 
Figure 15 Example Swell Time Curve 
 
5. For each sample, choose 2 points along primary swell curve and 2 points 
along secondary swell curve to obtain time and swell at end of primary. This 
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will correspond to swelling used in analysis. Choose one point from rebound 
as end of test.  
 
Figure 16 Determination of end of primary, secondary and ultimate swell 
6. Repeat for each depth in separate analysis spreadsheets.  
3.3.4 Stresses and g-levels 
The tests were run at certain g levels representing the stresses at the respective 
depths which are described in the table below:  
  18 
 
Table 1 Stresses and g-levels. 
Depth (ft) G Level Low Stress (Psf) 
Medium Stress 
(Psf) 
High Stress (Psf) 
0-2' 25 168 240 394 
2-4' 35 236 337 552 
4-6' 50 337 481 788 
6-8' 65 438 625 1025 
8-10' 80 538 769 1262 
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Chapter 4: Site Classification of Farm to Market Road 2 
4.1 LOCATION 
The Farm to Market road 2 is located in the Grimes County, near the city of 
Navasota, approximately 124 miles from Austin. 16 boring points were selected on a 
stretch of 2.6 miles of the road. The boring locations were picked from different sections 
of the road that were either reinforced with geosynthetics, lime stabilized or left 
untouched. The boring locations are shown below:   
 
Figure 17 Site location FM2. 
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Chapter 5: Data Analysis and Test Results 
From each boring, representative depths were selected by visually analyzing the 
soil texture and type. The analysis is shown below in Section 5.1. 
5.1 INITIAL CHARACTERIZATION 
This section includes data values like initial moisture content, density, Atterberg 
Limits, TxDOT dry condition, and total suction as given below.  
Table 2 Boring 1. 
Boring 1 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL (%) PL (%) PI (%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 24% 96.63 54 26 29 19.8 0.77 
2-4' 23% 98.87 62 21 41 21.4 0.98 
4-6' 27% 95.95 82 24 58 25.4 1.18 
6-8' 29% 95.3 90 25 65 27 1.25 
8-10' 28% 99.08 95 27 68 28 1.65 
Table 3 Boring 2. 
Boring 2 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL (%) PI (%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 21% 102.99 50 19 31 19 0.47 
4-6' 23% 101.04 68 14 54 22.6 1.1 
8-10' 28% 96.96 100 22 79 29 1.56 
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Table 4 Boring 3. 
Boring 3 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL (%) PI (%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 19% 101.18 68 20 54 22.6 2.08 
4-6' 28% 89.69 88 24 66 26.6 1.02 
8-10' 31% 89.92 94 32 62 27.8 0.88 
 
Table 5 Boring 4. 
Table 6 Boring 5. 
Boring 5 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL                
(%) 
PI                
(%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 21% 110.41 62 21 41 21.4 0.81 
2-4' 29% 90.33 65 23 41 22 0.63 
4-6' 26% 95.65 66 23 43 22.2 0.55 
6-8' 26% 94.66 68 21 47 22.6 0.61 
8-10' 8% 117.37 40 14 27 17 0.54 
Table 7 Boring 6. 
Boring 6 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL                
(%) 
PI                
(%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 29% 89.16 73 23 50 23.6 0.52 
4-6' 34% 83.68 92 22 70 27.4 0.7 
8-10' 28% 93.77 88 21 67 26.6 0.84 
 
 
Boring 4 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL                
(%) 
PI                
(%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 0.227004 85.11691 71 24 47 23.2 1.4 
6-8' 0.223 97.73 71 15 55 23.2 0.82 
8-10' 0.27462 98.36146 98 24 75 28.6 0.85 
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Table 8 Boring 7. 
Boring 7 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL                
(%) 
PI                
(%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 19% 106.33 49 18 31 18.8 0.68 
2-4' 29% 89.83 71 24 47 23.2 0.75 
4-6' 29% 90.87 87 23 64 26.4 0.69 
6-8' 30% 88.77 88 24 65 26.6 0.65 
8-10' 34% 88.98 96 27 70 28.2 0.83 
Table 9 Boring 8. 
Boring 8 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL                
(%) 
PI                
(%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 23% 93.41 82 22 58 25.4 2.34 
4-6' 27% 94.18 94 23 69 27.8 1.7 
8-10' 30% 89.71 86 29 57 26.2 0.91 
Table 10 Boring 9. 
Boring 9 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL                
(%) 
PI                
(%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 26% 95.45 61 19 42 21.2 1.95 
4-6' 19% 102.59 66 16 50 22.2 1.03 
Table 11 Boring 10. 
Boring 10 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL                
(%) 
PI                
(%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 19% 105.69 52 18 33 19.4 1.47 
 
 
 
 
 
  23 
Table 12 Boring 11. 
Boring 11 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL                
(%) 
PI                
(%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 16% 95.89 50 14 37 19 1.77 
4-6' 18% 99.38 38 11 27 24.2 1.99 
8-10' 14% 109.29 30 17 13 12.4 0.53 
Table 13 Boring 12. 
Boring 12 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL                
(%) 
PI                
(%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 15% 107.36 56 16 41 20.2 2.82 
4-6' 21% 95.96 69 17 51 22.8 1.2 
8-10' 12% 115.08 53 14 38 19.6 0.44 
Table 14 Boring 13 
Table 15 Boring 15. 
Boring 15 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL                
(%) 
PI                
(%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
2-4' 0.14 107.77 41 15 26 17.2 0.92 
4-6' 0.176 - 51 17 35 19.2 0.92 
 
 
 
 
 
Boring 13 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL                
(%) 
PI                
(%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 13% 104.66 24 16 8 13.8 1.3 
4-6' 10% 109.00 29 17 11 14.8 0.93 
8-10' 9% 107.04 22 13 9 13.4 0.52 
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Table 16 Boring 16. 
 
 
5.3 STRESS-SWELL DATA 
Boring 1 
 
Figure 18 Boring 1, 0-2 ft. depth. 
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Boring 16 
Depth (Ft) 
Moisture 
Content 
(%) 
Dry 
Density 
(Pcf) 
LL                
(%) 
PL                
(%) 
PI                
(%) 
TxDOT 
Dry (%) 
Total 
Suction 
(Mpa) 
0-2' 22% 98.23 59 18 41 20.8 0.6 
2-4' 25% 98.54 67 18 50 22.4 0.6 
4-6' 28% 92.27 74 20 54 23.8 0.5 
8-10' 31% 84.96 83 23 60 25.6 0.42 
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Figure 19 Boring 1, 2-4 ft. depth. 
 
 
Figure 20 Boring 1, 4-6 ft. depth. 
0.00%
2.00%
4.00%
6.00%
8.00%
10.00%
12.00%
14.00%
1 10 100 1000
Sw
e
lli
n
g 
(%
)
Eqv Stress (Psf)
B1 2-4'
Primary Swell
Secondary Swell
Ultimate Swell
-5.00%
0.00%
5.00%
10.00%
15.00%
20.00%
25.00%
1 10 100 1000 10000
Sw
e
lli
n
g 
(%
)
Eqv eff. Stress (Psf)
B1 4-6'
Primary Swell
Secondary Swell
Ultimate Swell
  26 
 
Figure 21 Boring 1, 6-8 ft. depth. 
 
Figure 22 Boring 1, 8-10 ft. depth. 
-10.00%
-5.00%
0.00%
5.00%
10.00%
15.00%
20.00%
25.00%
30.00%
1 10 100 1000 10000
Sw
e
lli
n
g 
(%
)
Eqv eff. Stress (Psf)
B1 6-8'
Primary Swell
Secondary Swell
Ultimate Swell
-10.00%
-5.00%
0.00%
5.00%
10.00%
15.00%
20.00%
1 10 100 1000 10000
Sw
e
lli
n
g 
(%
)
Eqv eff. Stress (Psf)
B1 8-10'
Primary Swell
Secondary Swell
Ultimate Swell
  27 
Boring 2 
 
Figure 23 Boring 2, 0-2 ft. depth. 
 
Figure 24 Boring 2, 4-6 ft. depth. 
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Figure 25 Boring 2, 8-10 ft. depth. 
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Boring 3 
 
Figure 26 Boring 3, 0-2 ft. depth. 
 
Figure 27 Boring 3, 4-6 ft. depth. 
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Figure 28 Boring 3, 8-10 ft. depth. 
Boring 4 
 
Figure 29 Boring 4, 0-2 ft. depth. 
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Figure 30 Boring 4, 6-8 ft. depth. 
 
Figure 31 Boring 4, 8-10 ft. depth. 
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Boring 5 
 
Figure 32 Boring 5, 0-2 ft. depth. 
 
Figure 33 Boring 5, 2-4 ft. depth. 
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Figure 34 Boring 5, 4-6 ft. depth. 
 
Figure 35 Boring 5, 6-8 ft. depth. 
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Figure 36 Boring 5, 8-10 ft. depth. 
Boring 6 
 
Figure 37 Boring 6, 0-2 ft. depth. 
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Figure 38 Boring 6, 4-6 ft. depth. 
 
Figure 39 Boring 6, 8-10 ft. depth. 
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Boring 7 
 
Figure 40 Boring 7, 0-2 ft. depth. 
 
Figure 41 Boring 7, 2-4 ft. depth. 
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Figure 42 Boring 7, 4-6 ft. depth. 
 
Figure 43 Boring 7, 6-8 ft. depth. 
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Figure 44 Boring 7, 8-10 ft. depth. 
Boring 8 
 
Figure 45 Boring 8, 0-2 ft. depth. 
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Figure 46 Boring 8, 4-6 ft. depth. 
 
Figure 47 Boring 8, 8-10 ft. depth. 
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Boring 9 
 
Figure 48 Boring 9, 0-2 ft. depth. 
 
Figure 49 Boring 9, 4-6 ft. depth. 
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Boring 10 
 
Figure 50 Boring 10, 0-2 ft. depth. 
Boring 11 
 
Figure 51 Boring 11, 0-2 ft. depth. 
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Figure 52 Boring 11, 4-6 ft. depth. 
 
Figure 53 Boring 11, 8-10 ft. depth. 
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Boring 12
 
Figure 54 Boring 12, 0-2 ft. depth. 
 
Figure 55 Boring 12, 4-6 ft. depth. 
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Figure 56 Boring 12, 8-10 ft. depth. 
Boring 13 
 
Figure 57 Boring 13, 0-2 ft. depth. 
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Figure 58 Boring 13, 4-6 ft. depth. 
 
Figure 59 Boring 13, 8-10 ft. depth. 
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Boring 15 
 
Figure 60 Boring 15, 2-4 ft. depth.   
 
Figure 61 Boring 15, 4-6 ft. depth. 
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Boring 16 
 
Figure 62 Boring 16, 0-2 ft. depth. 
 
Figure 63 Boring 16, 2-4 ft. depth. 
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Figure 64 Boring 16, 4-6 ft. depth. 
 
Figure 65 Boring 16, 8-10 ft. depth. 
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Chapter 6: Observations 
6.1 BORING 1 
1. The Plastic Limit increased with the depth. Deeper soils were more plastic 
than the soils near to the surface. 
2. The samples changed from dark grey to tan with depth. Depths 6-8 ft and 8-10 
ft were tan. The samples from the deeper depths were more brittle compared 
to the samples from the top.  
3. There was significant amount of swelling in the samples with as high as 36% 
under rebound. 
4. Due to some issues in the DAQ when the machine ran at high RPM, the data 
could not be collected for samples under high stresses and only rebound curve 
was recovered. 
5. There was less scatter in the swell data implying that the samples were quite 
homogeneous.  
6.2 BORING 2 
1. The samples were similar to the one from Boring and showed significant 
swelling. 
2. Visually, the samples transitioned from black/dark grey to tan with increase in 
depth.  
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3. However, the tan samples from the deeper spectrum were not brittle unlike 
Boring 1.  
4. Scattered gravel was present in the topmost depth (0-2 ft).  
6.3 BORING 3 
1. The samples were tan in color with a mix of red as well. The red color may 
imply oxidization.  
2. All the depths for this point were high in plasticity and swelled quite well.  
3. There was some scatter in the swell data as all the samples were not 
homogeneous because of the presence of the red clay as well which was non-
uniformly mixed.  
6.4   BORING 4 
1. The samples increased in plasticity with increase in depth. 
2. The samples were dark grey in the upper depths and tan in the lower depths. 
The samples from 6-8 ft and 8-10 ft were most brittle with some light grey 
high plastic clay in them. 
3. There was less scatter in the stress-swell data and the samples swelled quite a 
lot under the respective stresses.  
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6.5 BORING 5 
1. The samples increased in plasticity with depth and transitioned from dark grey 
to tan and were high plasticity clays except for the bottom most depth which 
was low plasticity silt. 
2. Scattered gravel was observed in the upper depths and the samples from 0-2ft 
were observed to have some silt content as well. 
3. The samples were quite homogeneous in their respective depths and there was 
less scatter in the stress-swell data. 
4. Samples from lower depths showed most ultimate swell under rebound stress 
(unloaded conditions). 
6.6 BORING 6 
1. The samples were very high in plasticity and showed significant swelling as 
well. 
2. The swelling decreased as the stress was increased which was expected but 
under rebound stress, the samples swelled upto 35%. 
3. The samples from 4-6ft swelled the most and they had the highest LL (90) and 
PI (70) as well. 
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6.7 BORING 7 
1. The samples from the topmost depth had scattered gravel in them which got 
into the trimmed samples as well, significantly contributing to the non-
uniform swell data.  
2. Samples showed more swelling in the deeper spectrum than on the top despite 
being subjected to higher stress. 
3. The bottom most depth showed the highest swelling under unloaded 
conditions, which was expected as that had the highest PI as well. 
6.8 BORING 8 
1. These samples had some silty core in them in some sections of the log, which 
was treated as a foreign material.  
2. Overall, all the logs from this boring were consistently tan in color with some 
red clay mixed in them. They were probably oxidized which is why the red 
color.  
3. All the samples swelled significantly and were relatively homogeneous as 
well. 
6.9 BORING 9 
1. The samples were dark grey at the top depths and went tan in the bottom 
depths.  
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2. The samples did not swell much compared to other borings having high PI. 
The highest swell under stress was around 4% and under rebound was around 
13%.  
3. The samples were observed to be homogeneous with less scatter in the stress-
swell data.  
4. The bottom most depth could not be tested for swelling as the log dried and 
became too hard to be trimmed conventionally. 
6.10 BORING 10 
1. The samples were high plastic clays and transitioned from dark grey/black to 
light grey with the depth.  
2. The samples were very wet and had to be kept for a longer period time to 
moisture adjust, with some samples losing as much as 12g of water in weight.  
3. The samples from 4-6ft and 8-10ft could not be tested as they over dried while 
moisture adjusting and became too hard to trim. Also, they would swell very 
high in that condition and overestimate the results.  
6.11 BORING 11 
1. The samples were low plastic clay/silt with high content of Calcite present 
throughout.  
2. The bottom depths had more calcite in powder form and hence they did not 
show much swelling, 
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3. Because of the arbitrary distribution of calcite in the logs, there was a lot of 
scatter in the stress-swell data. 
 
Figure 66 Boring 11, 2-4 ft. depth having high calcite content. 
6.12 BORING 12 
1. The logs contained high amount of sand in them and were brick red in color. 
2. They were low in plasticity and showed less swelling as well.  
 
Figure 67 Boring 12 showing high amounts of sand. 
6.13 BORING 13 
1. All the samples were sandy with very low clay content.  
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2. They were soft sand and would easily fall apart while trimming.  
3. The samples had very low PI and instead of swelling, the sampled collapsed 
further.  
6.14 BORING 14 
1. The samples were very hard right from the extrusion in the field. They were 
red in color and were very sandy with some clay just like Boring 12. 
2. The samples were quite dry and had low PI. 
3. They could not be tested for swelling as they were too hard to trim 
conventionally. 
6.15 BORING 15 
1. The topmost depth was very silty, with organics mixed and lots of scattered 
gravel. 
2. Depths 2-4ft and 4-6ft had very white clay with some section being sandy and 
some section with sandy core.  
3. A mixed array of samples was trimmed from these and tested for swelling and 
therefore, a lot of scatter in the data can be noticed.  
4. Depths 6-8ft and 8-10ft were split spoon samples with silt/sand content, dark 
grey/black in color and hence could not be tested as they could not be 
trimmed.  
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Figure 668 Boring 15 with sandy core. 
6.16 BORING 16 
1. These samples were tan in color and were silty.  
2. Depth 6-8 ft had a big chunk of duct tape in it and hence was skipped for 
swell test as data from it could not be trusted.  
3. The samples showed swelling up to 10% under stresses and around 14% when 
under rebound.  
4. There was significant scatter in the data.  
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Chapter 7: Recommendations and Scope of Future Work 
The following recommendations are made based on the observations presented in 
Chapter 6: 
1. Careful measures need to be taken to extrude the bore logs in order to 
avoid mix-ups with other soil samples and foreign materials and objects. 
2. If the same bore log has different materials, it is important to find the 
correct representative material for the analysis and characterization. 
3. Since significant amount of scatter was observed as the bore logs were 
heterogeneous throughout, it is recommended that some tests be done by 
remolding them to check if the data is improved 
4. Further study is recommended for samples which need to be remolded or 
compacted like split spoon samples in order to get the right density.  
5. With this data, further study can be done in terms of PVR calculation and 
correlation with Pavement damage. 
6. Another scope of this study can be the measurement of water absorbed by 
the samples while under stresses in centrifuges and how it is related with 
the other characteristics of the soil.  
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Appendix A 
Soil FM 2
Boring B1
Depth 0-2 FT
Operator Shivangi
Preparation Date 2/1/2019
Time
Testing Date 2/1/2019 LL PL PI
Time 54 26 29
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NOTES:
0
10
20
30
40
50
60
70
10 100
M
o
is
tu
re
 C
o
n
te
n
t
Blows
FM 2 B1 0-2 FT
  59 
 
 
 
 
Soil FM 2
Boring B1
Depth 2-4 FT
Operator Shivangi
Preparation Date 2/1/2019
Time
Testing Date 2/1/2019 LL PL PI
Time 62 21 41
1. TEST INFORMATION
NOTES:
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Soil FM 2
Boring B1
Depth 4-6 FT
Operator Shivangi
Preparation Date 2/1/2019
Time
Testing Date 2/1/2019 LL PL PI
Time 82 24 58
1. TEST INFORMATION
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Soil FM 2
Boring B1
Depth 6-8 FT
Operator Shivangi
Preparation Date 2/1/2019
Time
Testing Date 2/1/2019 LL PL PI
Time 90 25 65
1. TEST INFORMATION
NOTES:
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Soil FM 2
Boring B1
Depth 8-10 FT
Operator Shivangi
Preparation Date 2/1/2019
Time
Testing Date 2/1/2019 LL PL PI
Time 95 27 68
1. TEST INFORMATION
NOTES:
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